To clone the gene for the human Na+/H+ antiporter, we first constructed a stable mouse LTK-cell line (LAPi) lacking Na+/H+ antiport activity. Second, we devised a selective technique based on acid killing that specifically sorts out cells expressing low levels of Na+/H+ antiport activity from a population of antiporter-deficient cells (AP-). LAPi cells (TK-and AP-) were cotransformed with human genomic DNA and the thymidine kinase (TK) gene. TK+ transformants, first selected, were submitted to acid loading. The rare transformants that survived (frequency, 2-8 X 10-7) expressed Na+/H+ antiport activity (AP+). We found that: (i) transformation with mouse LAPi DNA did not give rise to AP+ transformants; (it) transformation of LAPi cells with DNA from an altered Na+/H+ antiporter hamster variant led to AP+ transformants expressing the altered Na+/H+antiporter of the DNA donor; (iii) human repeated sequences were present in all primary, secondary, and tertiary mouse AP+ transformants; (iv) six identical EcoRI human DNA fragments (55 kilobase pairs ofthe human genome) cosegregated with the Na+/H+ antiport activity in secondary and tertiary transformants. These results strongly suggest that we have stably expressed the structural gene for the human Na+/H+ antiporter in mouse cells.
The Na+/H' antiporter that exchanges internal H' for external Na' is now recognized to play a fundamental role in the regulation of intracellular pH (pH) in virtually all vertebrate cells (reviewed in refs. [1] [2] [3] . This membrane-bound system has aroused much interest because it is rapidly activated by a variety of external stimuli including sperm (4) , insulin (5) , growth promoting agents (6) (7) (8) (9) (10) (11) (12) , chemotactic peptide (13) , tumor promoters (14) (15) (16) (17) (18) , etc., leading to a persistent cytoplasmic alkalinization ofthe stimulated resting cells.
A low cytoplasmic pH is a common feature of resting prokaryotic and eukaryotic cells (19) that might be needed to maintain a low metabolic activity in spores, eggs, or quiescent cells. On the contrary, a rapid increase in pH; appears to be a prerequisite for cell activation. Fibroblast mutants specifically defective in Na'-H' exchange activity (20) have been very valuable in establishing the existence of a critical pHi threshold, below which growth factor-stimulated DNA synthesis and growth are severely restricted (21, 22) . For example, phosphorylation of ribosomal protein S6 is a pHirestricted step. Indeed, this growth factor-regulated event is tightly coupled to an increase in pHi (23) .
Although much has been learned about the physiology and mechanistic features of the Na+/H' antiport system, nothing is known about its molecular structure. In this paper, we report the isolation of a stable Na+/H' antiporter-defective mouse L cell line and its use as recipient for expression of a foreign Na+/H' antiporter gene by DNA-mediated gene transfer. We show that human genomic DNA can restore the antiporter defective function of mouse L cells and that, in independent secondary and tertiary transformants, a common DNA-restriction endonuclease pattern of human repeated sequences cosegregates with the selected Na+/H' antiport activity. This is the first step toward the molecular cloning ofthe amiloride-sensitive and growth factor-activable Na'-H' exchange system.
MATERIALS AND METHODS
Cell Culture. Thymidine kinase-deficient mouse L cells (LTK-) originally established by Kit et al. (24) and derivatives (see Table 1 ) were cultured in a minimum essential medium supplemented with 10% (vol/vol) inactivated fetal calf serum, penicillin (50 units/ml), and streptomycin (50 ,ug/ml). Unless otherwise specified, transformed mouse L cells were continuously cultured in the presence of 100 AuM hypoxanthine, 0.4 gM aminopterin, and 16 ,uM thymidine (HAT). Culture conditions and properties of AR300, a stable variant derived from Chinese hamster lung fibroblasts which "overexpresses" an altered Na+/H+ antiport activity, are described (25) .
Isolation of LAPi Cells Deficient in Na+-H+ Exchange Activity. LTK-cells were mutagenized with ethyl methanesulfonate (0.3 dul/ml for 18 hr), cultivated for 5 days, and submitted to the "proton suicide" selective isolation procedure described for hamster fibroblasts (20) . After Lieloading, cells were exposed for 30 (26) . DNA was treated with boiled RNase at 0.1 mg/ml for 3 hr at 370C, phenol extracted, and dialyzed extensively into 10 mM Tris HCl/1 mM EDTA, pH 7.8, with four changes of buffer. Supercoiled plasmid DNA TK+, pTK-xl (27) 7 .0)/Sx Denhardt's solution/0.1% NaDodSO4. Then filters were hybridized for 12-24 hr in the above buffer containing 10% (wt/vol) dextran sulphate, sonicated salmon sperm DNA at 100 ,g/ml, and 32P-labeled human DNA at 10 ng/ml (1-2 x 109 dpm/,ug) as described by Kuhn et (8, 20) . RESULTS LAP1, a Mouse L Cell Line Defective in Na+/H+ Antiport Activity. Mouse LTK-cells were submitted to the protonsuicide selection test that we developed for Chinese hamster fibroblasts (20) . All the resistant clones analyzed had 30-40% residual Na+/H+ antiport activity. A second mutagenizing step followed by a more stringent "proton-suicide" test led to the isolation of another set of resistant clones completely lacking Na+/H+ antiport activity. The biochemical features of LAP1, a representative of these second step-H+-suicide resistant colonies, are shown in Fig. 1 . When cells are loaded with Li' and rapidly incubated in a Na+-and Li'-free external medium at an extracellular pH of 5.5 ( Fig. 1 (8) . (Right) LAP1 (0) and LTK-(A) cells were acid-loaded with the NH-prepulse technique. First, cells were incubated with a Na' saline medium containing 50 mM NH4Cl for 30 min, then washed quickly and exposed at time 0 to the 22Na'-uptake medium described (20) . The amiloride-insensitive Na'-influx values that represent less than 10% of total Na'-uptake have been subtracted. However, when selected for, spontaneous revertants were observed to arise at a frequency lower than io-7.
A Specific Selection for Na+/H' Antiporter Positive Transformants (AP'). Because of the toxicity of high cytoplasmic H' concentration and the fact that the Na+/H+ antiporter plays a determining role in pH1 regulation, it was expected that a cell line lacking the antiporter would be extremely sensitive to an acute acid load. Fig. 2 nies first selected in HAT medium arose at a frequency from 10-3 to 10-2. These TK+ colonies, still at an early stage of growth (10-50 cells per colony), were acid loaded to select only those expressing Na+/H+ antiport activity. Colonies resistant to successive acid-load selections (test was applied twice a week) emerged at a frequency ranging from 2 to 8 x i0-7 (calculated from four independent transformation experiments with 20 x 106 LAP1 cells each). Independent primary transformant colonies were selected, grown in HAT medium, and subjected once a week to the acid-load selection to maintain the acquired phenotype. Analysis of 24 primary transfectants revealed that all had regained amiloride-sensitive Na+/H+ antiport activity, their activity ranging from 20 to 40% of that of LTK-cells. Then, preparations of genomic DNA from independent primary or secondary mouse transfectants were used successively for second-cycle or third-cycle transformation to eliminate human DNA not required for the maintenance of the Na+-H+ exchange activity. Na+-H+ exchange activities of the different mouse Proc. Natl. Acad. Sci. USA 83 (1986) 3 . Na+/H+ antiport activity in the primary, secondary, and tertiary AP' transformants relative to activity in the parental mouse L cells. Cells were acid loaded to maximally activate the Na+-H+ exchange activity, and amiloride-sensitive 22Na+ uptake was measured in 3 min as reported (20) . PT, ST, and TT represent sets of primary, secondary, and tertiary independent transformants, respectively. transformants are shown in Fig. 3 , and their origin is summarized in Table 1 . In contrast, no acid-load-resistant colonies were observed when human DNA donor was replaced with high molecular weight LAP1 genomic DNA in parallel cotransfection experiments.
Evidence that AP' Transformants Express the Na+/H+ Antiporter Structural Gene of the DNA Donor. The nature of the genetic lesion that has abolished the antiport activity of LAP1 cells is unknown. It was, therefore, crucial to check that AP' mouse transformants express the Na+/H+ antiporter gene of the human DNA donor. Pharmacologically, the mouse and human Na+/H+ antiporters are indistinguishable (31) . To circumvent this difficulty, we transformed LAP1 cells with the DNA of a hamster variant (AR300), which expresses an altered Na+/H+ antiporter. The antiporter of this hamster cell line has the following two distinctive properties: (i) the binding affinity of the potent amiloride analog methylpropylamiloride (MPA) is decreased by a factor of 30 and (ii) the affinity for the substrates Li' or Na+ has increased 2-fold (25) . Fig. 4 compares the kinetic parameters of the mouse LTK-antiporter with those of TAR 8, a LAPi-transformant obtained with AR300 DNA as a donor. Interestingly, the two features of AR300 hamster cells, decreased affinity for methylpropylamiloride and increased affinity for Li', are both expressed in the mouse cells TAR 8. We isolated and analyzed three additional independent transformants, all displaying the properties of TAR 8. This result strongly supports the idea that AP' mouse transformants express the Na+/H+ antiporter of the DNA donor. were grown to confluence in 35-mm plates. Prior to Na' uptake, the cells were loaded with LiCl as described (25), washed, and incubated in uptake medium containing various concentrations of Li' (Upper) or MPA (Lower), 1 mM ouabain, and 22Na+ tracer. Initial rates were measured as described (25) . IC50s for Li' were 6.5 mM for TAR 8 and 18 mM for LTK-. IC50s for MPA were 0.8 jLm for TAR antiporter. DNA (20 ug) Another important feature of the mouse recipient LAP1 cells is that the mutation(s) abolishing the expression of the resident antiporter genes does not seem to exert any transdominant effect on the expression of a transfected foreign Na+/H' antiporter gene. This conclusion is based on the following observations: (i) primary mouse transformants arose at a frequency of 1 out of 2,000-10,000 TK' transformants, a result consistent with that obtained by others; (it) their expression, measured on 24 primary transformants, ranged from 20 to 40% of the parental LTK-cells, a somewhat expected result considering gene dosage and some instability of the transformants; (iii) LAP1 cells overexpress (300% of the LTK-corresponding activity) an altered Na+/H' antiporter when transformed with the DNA of AR300, a hamster variant overexpressing an altered Na+/H' antiporter (25) . The four independent TAR transformants that we isolated had the properties of TAR 8 ( Fig. 4 and Table 1 ). Therefore, LAP1 cells are adequate recipients in studying the expression and biochemical features of a transfected normal or mutated Na+/H+ antiporter gene.
The latter point was essential before we decided to go further with this cloning approach. Indeed the properties of TAR transformants indicated that AP' colonies arose neither by reversion nor by a suppression mechanism leading to "reactivation" of a mouse silent antiporter gene. This result and the fact that the Na+/H+ antiport activity cosegregates in secondary and tertiary transformants with a common set of restricted human DNA fragments strongly suggest that these fragments (55 kilobase pairs of the human genome) contain at least part of the Na+/H+ antiporter human gene.
